Introduction
Active pharmaceutical ingredients incorporating the fluorine atom have found wide applications in the field of medicinal chemistry. 1, 2 Currently, fluorine-containing compounds are leading in the list of best-selling drugs. 3 In fact, fluorofuran or perfluoroalkylfuran fragments have already been embedded within structures possessing interesting pharmacological properties. 4, 5 Since the furan ring constitutes a submotif of medicinal interest, 6 corresponding fluorinated molecules are highly sought after building blocks. Thus, upon considering the pharmaceutical potential, as well as the limitations of available synthetic methods for 3-fluorofurans, we decided to pursue the development of their synthesis.
Halofurans are important derivatives, extensively utilized for the preparation of acyclic, carbocylic, and heterocyclic compounds. In addition, halofurans provide an opportunity for further functionalization. In particular, iodo-, bromo-, and also recently chlorofurans have been useful substrates for a variety of bond-forming reactions. [7] [8] [9] [10] [11] In general, approaches to the synthesis of β-halofurans can be divided into substitution reactions on the furan core and the construction of a furan ring starting from acyclic precursors. 12, 13 The later centers on cycloisomerization or cyclocondensation reactions and includes halogenation/ cyclizations, and cyclizations of precursors that contain already introduced halogens. Electrophilic cyclization reactions are particularly attractive since they provide versatile access to different halofurans by treatment of the same starting material with different halogens.
14, 15 Usually the electrophile acts as both the cyclization initiator and a halogen donor, thus fostering material economy. However, fluorine, due to its limited electrophilic character, is not effective in electrophilic cyclizations. 16 So far, preparative access to 3-fluorofurans includes only a few specific methods; the syntheses usually encompass aggressive conditions or poor yields. 12 Only scarce reports provide a preparative route to β,β′-fluorohalofurans, which offer an opportunity for further functionalization of fluorofurans. The iodocyclization of gem-difluorohomopropargyl alcohols (2,2-difluoroalk-3-yn-1-ols) can be induced by iodine monochloride in the presence of a base and microwave irradiation. 7 Subsequent silica gel aromatization of 3,3-difluoro-4-iodo-2,3-dihydrofurans leads to the 3-fluoro-4-iodofurans. Only one example of 3-bromo-4-fluorofuran, prepared by a sequential lithiation/bromination reaction of 3-fluoro-2,5-diphenylfuran, has been reported with undisclosed preparative yield. 17 In order to access a family of β-fluorofurans (1), we elected to introduce fluorine into an acyclic skeleton and to use 2-fluoroalk-3-yn-1-ones (2) as a versatile cyclization starting material (Scheme 1). 18, 19 Fluoroalkynone 2 contains one less fluorine Scheme 1 Retrosynthetic approach to β-fluorofurans.
atom in comparison to the gem-difluorohomopropargyl alcohol, hence it should prove to be more versatile and reactive towards cyclization reactions. This substrate would generate a convergent synthetic opportunity to also obtain β,β′-fluorohalofurans. Thus far, the preparations of 2-fluoroalk-3-yn-1-ones 2 have been reported via the oxidation of 2-fluoroalk-3-yn-1-ols, which are accessed by a low-yielding ring opening of an oxirane precursor by a fluoride anion, 20 or via a zinc-or indium(III) chloride-catalyzed reaction of fluoropropargyl halides with carbonyl compounds. 21, 22 Therefore, we sought to secure more convenient access to fluoroalkynones 2 as key starting materials, establish their cyclization reactions at mild conditions despite the thwarting influence of fluorine atom on their reactivity, and finally, functionalize the iododerivatives to trisubstituted 3-fluorofurans. The current results extend our exploration of cycloisomerization and electrophilic halocyclization reactions. 10, [23] [24] [25] [26] Here we report our attempts towards the syntheses of a family of substituted β-fluorofurans 1 from alk-3-yn-1-ones 3.
Results and discussion
We sought to develop a more effective fluorofuran synthesis in terms of halogen atom economy. To introduce a fluorine atom at the relatively late stage of the synthesis we envisioned direct fluorination of alk-3-yn-1-ones 3 in a joint α-position to the alkyne and ketone. 27 Monofluorination procedures for regular ketones at their α-carbon are known. [28] [29] [30] However, a reaction of alkynone 3a with NFSI (1 equiv), in the presence of the inorganic base ( potassium carbonate), leads to isolation of the difluoro derivative 4a. 31 Since monofluorination of regular ketones can also be accomplished under organocatalytic conditions, 32 an analogous approach was investigated. Unfortunately, the reaction of alkynone 3a with Selectfluor 33 (1.1 equiv), in the presence of L-proline (10 mol%) and molecular sieves, led again to a mixture of monofluoro and difluoro derivatives 2a and 4a (4.5 : 1 ratio) that were difficult to separate. Since the α-proton of 2a is more acidic than the one in substrate 3a, the product, in the presence of a base, equilibrates to a competitive enolate.
Considering the popular use of difluoropropargyl moieties in synthetic 34, 35 and biological chemistry 36 we took the opportunity to integrate mild organocatalytic conditions into the preparation of the difluoro derivatives 4. So far, fluoroalkynones 4 have been prepared starting from chlorofluorocarbons via gem-difluorohomopropargyl alcohols. 37 When the alkynones 3a,e were reacted with Selectfluor (2.3 equiv) in the presence of L-proline (20 mol %) and 5 Å molecular sieves (acetonitrile, room temperature), difluoroalkynones 4a,e were isolated with 63% and 67% yield (Scheme 2). The convenient access to alkynones 3 include, among others, oxidation of alkynols 5.
38,39
Furthermore, alternative access to fluoroketones 2, in the absence of a base was pursued. Electrophilic fluorodesilylation of silyl enol ethers has literature precedence. 16 ,40 However, we were unable to find a general synthesis of alk-1-en-3-yn-1-yl silyl ethers 6. So far, synthetic methods for silyl ethers (silyloxy enynes) of type 6 have only been described for individual compounds. Literature reports include the reaction of an alkynyl oxirane with BuLi in the presence of TMSCl, 41 rearrangement of an α-alkoxy carbene derived from aldehyde and N-amino-2,3-diphenylaziridine derivative, 42 or ring opening of furans. 43 The pathway starting from alkynones 3 via enolization has not yet been reported.
The conversion of alkynone 3a 24a to the corresponding t-butyldimethylsilyl enol ether 6a and its trimethylsilyl lower homolog was accomplished using a procedure similar to the literature protocol for regular silyl ether. 44 Since 6a was sufficiently stable for isolation by column chromatography, the remaining silyl enol ethers 6b-h were then prepared as the t-butyldimethylsilyl derivatives.
Although some of the solid alkynones 3 can be isolated via crystallization and stored for months in a refrigerator, frequent instability of liquids or solutions was encountered. The lack of an effective and timely purification procedure, especially for compounds 3g and 3h, prompted us to begin the synthesis from alkynols 5. Since the oxidation of 5 with a Jones reagent is efficient, 38 ketones 3 were used as a crude material in a two step process (Scheme 3).
The enolate was initially formed via deprotonation of alkynone 3a with LDA in THF at −78°C ( procedure A, Table 1 ). Additional optimization of the preparative procedure was sought. TMEDA, a bidentate ligand coordinating lithium was added (2 equiv, procedure B), affording the enolate with comparable or slightly higher yields. The silylation did not proceed with a higher reaction rate. The substrate with the cyclopropyl alkynyl group gave a low yield of silyl ether 6b with procedure A (11%, Table 1 , entry 2). Applying conditions B resulted in a complex reaction mixture without detectable amounts of silyl ether 6b, presumably due to the sensitivity of the cyclopropyl group towards the reaction environment. Therefore thermodynamic conditions ( procedure C) for the cyclopropyl-containing substrate were tried. The combination of the cyclopropyl ketone, DBU (1.1 equiv), TBSCl (1.2 equiv), and NaI (0.2 equiv) in anhydrous acetonitrile at ambient temperature gave 6b in 60% yield (two step synthesis starting from 5b, 5 mmol scale). The substrate with the phenoxymethyl group, derived from glycidol, was converted to its ether 6h using conditions C as well (55% yield, Table 1 ).
The substrate 5g with an ethyl substituent leads to a ketone with two carbons available for enolization. Under kinetic conditions ( procedure A), formation of the conjugated ether 6g was observed. The ethyl substituted ether 6g was rather unstable; after a slower silica gel column chromatography a fraction was collected that was rich in corresponding allenyl ketone. 45 Apparently desilylation of silyl ether and isomerization had occurred. Fast filtration through a plug of deactivated silica gel brought access to 6g that was still accompanied with a small amount of allenyl ketone.
The silyl ethers 6a-h were obtained in 52-68% overall yield (Table 1) after purification by column chromatography. The prolonged contact of silyl ethers 6 with silica gel was detrimental to the yield; the optimum preparative scale was established as 6 mmol (> 1 g). On a smaller scale, such as 0.5 mmol, yields were usually higher since the chromatography procedure can be completed more rapidly.
After isolation, the predominance of one stereoisomer was observed. The structural assignments of regular silyl enol ethers are frequently based upon the chemical shift of vinyl protons in the 1 H NMR spectrum 47, 48 or, trustworthier, of allylic carbons in the 13 C NMR spectrum. 49, 50 However, such an assignment may not necessarily extrapolate into the sp carbons of a triple bond or ipso carbons of an aryl ring, which, due to low relaxation, usually require longer acquisition time. Accordingly, we were not able to observe the relevant CuC signals for the low abundant isomer. Table 2 summarizes the chemical shift trends for the signals that differentiated both isomers.
Due to lack of stereochemical E/Z assignments for silyloxy enynes 49 an unequivocal confirmation was sought. Fortunately, slow evaporation of a hexane/ethyl acetate solution of compound 6e gave a single crystal suitable for X-ray analysis. Inspection of Fig. 1 reveals the molecular structure of the Z-silyl enol ether 6e. This result is in agreement with the dominant Z stereochemistry for silyl ethers derived from phenyl-substituted ketones. 47 The fluorination reaction simplified the stereochemical outcome. Since E and Z stereoisomers presumably produce the same racemic mixture of 2-fluoroalkynone 2, the mixture of both stereoisomers was subjected to the reaction. The reaction of 6a with Selectfluor at room temperature gave a monofluoroketones 2a in almost quantitative yield (Scheme 4). 23 Fluoroketone 2b was also characterized by NMR.
Non-fluorinated alkynones 3 can be converted to furans using zinc, silver, palladium, and other transition metals-containing catalysts. 24a,51 Unfortunately cycloisomerization of 2a with zinc chloride etherate or silver nitrate was inhibited by the electron withdrawing effect of fluorine (Table 3 , entry 1 and 2). When fluoroketone 2 was treated with the (PhCN) 2 PdCl 2 (10 mol %), 19 fluorofuran 7a was isolated in 60% yield. Cationic gold compounds show unique activities toward alkynes, promoting the nucleophilic addition of a variety of functional groups inter-and intramolecularly. Heterocycle formation via vinyl-gold type intermediates that can be isolated has already been established. 52 Gold catalysts such as AuCl 3 , AuCl, and PPh 3 AuCl have proved effective in the cyclization reactions. 53 Although gold(I) and (III) are both carbophilic, their complexes could differ in selectivity for the same reactant. Au(III) exhibits a thermodynamic preference for heteroatom coordination over carbon-carbon multiple bonds (and has a relatively high oxidative potential), while Au(I) increases the relative strength of coordination to the carbon-carbon multiple bonds.
54
The use of AuCl 3 (5 mol%) led to the formation of multiple products (Table 3 , entry 4). When AuCl (5 mol%) was combined with 2a in anhydrous DCM at ambient temperature, the reaction showed no conversion to the fluorofuran in 2 h, although trace amounts of other products were observed in the 1 H NMR and 19 F NMR (Table 3, entry 5 ). An easy-to-handle (air-stable) and commercially available triphenylphosphine gold(I) chloride was selected for investigation. The coordination with triphenylphosphine decreases the Lewis acidity of auric salts, and the triphenylphophine gold triflate (Ph 3 PAuOTf ) derivative is a more dissociated complex with increased electrophilicity at the gold center. The air stable Ph 3 PAuOTf was generated in situ from triphenylphosphine gold(I) chloride and silver trifluoromethanesulfonate (both 5 mol %), in dichloromethane, at room temperature, and facilitated almost quantitative conversion of 2a into furan 7a (Table 3 , entry 6).
Lowering the Ph 3 PAuOTf catalyst load to 1 mol % was ineffective due to slow conversion (Table 3 , entries 7-9). In further efforts to reduce the amount of gold/silver catalytic system increase of enolization was sought by an addition of a co-catalyst that would be compatible with the gold triflate acting species. 55 In order to maintain the presence of the counterion, zinc triflate seemed to be a logical choice. When Ph 3 PAuOTf (1 mol%) was combined with Zn(OTf ) 2 (5 mol%, DCM, rt) and fluorobutynone 2a, the quantitative formation of fluorofuran 7a was confirmed by 19 F NMR. The reaction required 2 h for completion (Table 3 , entry 10). The same reaction time and concentration with 1 mol% Ph 3 PAuOTf gave only 8% of the fluorofuran 7a (Table 3 , entry 7). The control experiment using only Zn(OTf ) 2 (20 mol%, 12 h) showed no conversion of 2a (Table 3 , entry 11). To clarify the role of the counterion, the reaction was carried out with 5 mol% Ph 3 PAuBF 4 , and full conversion was observed (Table 3 , entry 12). Thus, it can be concluded that the catalytic system does not depend significantly on the counterion. 56 It is in line with the report that the non-triflate system Ph 3 PAuCl/Zn(ClO 4 ) 2 is as well an effective catalyst. 55 Preparation of alk-3-yn-1-ones ( propargyl ketones), the necessary starting materials, was carried out as described earlier.
24,57 Although we focused on aryl substituents, we also examined compounds containing one alkyl, and one cycloalkyl group. The explored substituents of silyl enol ethers 6 include aryl, ethyl, cyclopropyl, and phenoxymethyl; detailed structures are provided in Table 1 .
Due to the gradual decomposition of the monofluoroketones during storage in solution and our inability to establish an effective purification procedure (especially for 2g and 2h), a sequence of consecutive fluorination and cyclization reactions, starting from silyl enol ethers 6 and proceeding in the same flask, without isolation of 2-fluoroalkynones 2 (Scheme 5) was used for preparative purposes (Table 4) . Unfortunately attempted fluorination of silyl ether 6h gave a complex reaction mixture at both rt and 0°C. 58 Hence no cyclization reactions with the use of this compound were pursued.
The electron withdrawing effect of fluorine significantly inhibits not only the cycloisomerization process of fluorinated alkynones, but the halocyclization as well. To fine-tune the catalytic system, optimization was carried out for the bromocyclization reaction, using fluoroketone 2a as a model compound. The better stability of formed bromofuran towards gold catalyst along with the milder halogenation reagent (NBS) provided an advantage over the initial optimization results acquired for the iodocyclization reaction. 25 The bromination reactions were cleaner; essentially since only the product and unreacted substrate were observed. Bromofurans, as compared to iodo derivatives, are less reactive. Therefore, it was projected that side products would originate from different reaction pathways of the substrate than from the follow-up reaction involving the product. As anticipated, side products were less abundant for bromocyclization process. Efforts for catalytic system optimization are summarized in Table 5 . The reaction with only NBS (1.2 equiv) gave meager conversion after 10 min (Table 5 , entry 1). The addition of gold(I) chloride (5 mol%) accelerated the reaction in a minor way (Table 5 , entries 2 and 3). Bromocyclization in the presence of ZnBr 2 (20 mol%) was more effective, with a 43% conversion after 10 min and almost quantitative conversion after prolonged time, or with the use of larger amount of the catalyst (Table 5 , entries 4-7). We were delighted to notice that a combination of gold(I) chloride (5 mol%) and ZnBr 2 (20 mol%) gave almost quantitative conversion within 10 min (entry 8).
Separation of halofurans from regular furans that could potentially form during the reaction as side or competing products are difficult to achieve by silica gel column chromatography due to overlapping R f values. To our delight, we did not observe by 1 H NMR formation of the non-halogenated fluorofurans 7 in the halocyclizations post reaction mixtures, which spared a potentially tedious separation of H-furans from halofurans and facilitated reasonable yields ( Table 4) .
The molecular structure of a dihalofuran was confirmed by X-ray crystallography. Crystallization of compound 8a from ether gave single crystals suitable for X-ray analysis. Inspection of Fig. 2 confirms the regiochemistry and reveals the molecular structure of the expected 3-bromo-4-fluorofuran. No significant distortion of the furan ring due to the presence of fluorine was noticed. The entire molecule of 8a is nearly planar within 0.12 Å. The maximum atom deviation from the average plane is 0.25 Å for C-16 and C-18.
The gold-catalyzed formation of furans from propargyl ketones is believed to proceed via an intramolecular, stepwise mechanism (Fig. 3) . Since non-terminal alkynes were used in this work, the mechanistic pathway can be illustrated using the coordination of Au to the carbon-carbon triple bond. The role of zinc is not confirmed at this moment. Although some zinc halides are excellent catalysts for the cycloisomerization of regular alkynones 3, 24 the fluoroalkynones 2 are reluctant to proceed under the sole influence of zinc bromide or triflate. The inability of zinc to act on its own as a cyclization catalyst may indicate poor π-bond activation. We believe that the role of zinc, is to increase enolization of alkynones via coordination to the oxygen atom of a carbonyl group. In electrophilic cyclization another role of the zinc halide would be to accelerate the release of electrophile by enhancement of the dissociation of N-halosuccinimide (NXS) into an electrophilic halogen and/or activation of the halogen towards an electrophilic reaction. a For R, R′ see Table 1 . This journal is © The Royal Society of Chemistry 2012
Org. Biomol. Chem., 2012, 10, 2395-2408 | 2399
Electrophilic pathways are believed to proceed via halogen coordination to the triple bond, which could compete with a gold-activated cyclization via π-bond activation (Fig. 3) . As mentioned earlier, gold(I) complexes are known to be effective π-electrophilic Lewis acids. 54 Thus the mechanism might include the formation of the intermediate vinylgold species that is subsequently trapped by electrophilic halogens. The presence of zinc might also accelerate protonation/halogenation of such an intermediate. However, the incidence of the reaction (albeit slow) with sole N-iodo-or N-bromosuccinimide, indicates that the electrophilic halogen is capable of acting by itself (Table 5 entry 1 and ref. 25) . Also, the lack of non-halogenated fluorofurans formation (within detection limit of 1 H NMR), when the cyclization reaction was carried out in the presence of gold/NXS, may suggest that gold may not act as the cyclization catalyst but rather as the activator of the NXS. 60 It could also be assumed that the gold/electrophilic pathways may be parallel to each other, with presumably the electrophilic cyclization proceeding faster.
Also, a control experiment was conducted to acquire insight into the participation of a direct iodination reaction of the cyclized product in the mechanistic process. A non-halogenated, 3-fluorofuran 7a was treated with NIS (1.2 equiv) in the presence of AuCl/ZnBr 2 (5 : 20 mol%, DCM, rt). After 12 h, no iodofuran 7a was detected in the reaction mixture by GC/MS.
The iodine in furan 9a was utilized to prepare an entirely diverse substituted β-fluorofurans using cross-coupling reactions. The Sonogashira coupling of 9a gave phenylethynyl fluorofuran 10 with 92% yield (Scheme 6). The Suzuki-Miyaura coupling reaction with the thiophene-3-boronic acid was confirmed using classical conditions to produce thiophenylfluorofuran 11 with 92% yield. Lithium N-heterocyclic trialkylborates (trialkoxyborates) were introduced shortly before to facilitate the coupling of electron-deficient 2-substituted nitrogen-containing heterocycles. 61 These organoboron salts, which are commercially available, provide convenience in handling and use. Applying Cu(I) enhanced the coupling reaction conditions, 62 ,63 the use of lithium ( pyridin-2-yl)triisopropoxyborate allowed for the introduction of a conventionally unreactive moiety (Scheme 6).
Pyridinyl-substituted fluorofuran 12 was obtained in 85% yields. The coupling with disulfane (diphenyl disulfide), carried out in reductive conditions, 64 produced phenylthio furan 13 with poor yield (34%). All the couplings required elevated temperature that was effected by microwaves assistance. The established conditions (80-110°C, 1-4 h) are comparable to the coupling of other β-iodofurans (90°C, 24 h or 110°C, 0.5-2 h). 7, 9 Phenylalkynyl fluorofuran 10 gave crystals suitable for study by X-ray diffraction, which confirmed the structure (Fig. 4) . The crystal structure of 10 shows molecules with nearly planar conformations within 0.40 Å. The maximum atom deviations from 
New 3-fluorofurans 7-13 ( 
Conclusion
In summary, we have demonstrated that Z-butenynyl silyl ethers 6 can be successfully accessed from butynones 3, and their monofluorination with Selectfluor leads to 2-fluorobutynones 2. Furthermore, 2-fluorobutynones 2 undergo cycloisomerization in the presence of chlorotriphenylphosphine gold/silver trifluoromethanesulfonate and halocyclization becomes effective when N-halosuccinmides are used in combination with gold(I) chloride/zinc bromide. The synthetic method proved to be best suited for aryl substituents at α-(C-2 and C-5) furan positions. This way 3-fluoro-, 3,4-bromofluoro-, and 3,4-fluoroiodofurans 7, 8, and 9 were obtained with good yields and characterized. The relatively short reaction times (10 min) and mild conditions (rt) provide an appealing alternative to the currently available methods, also from the standpoint of halogen atom economy. These methods avoid the loss of halogens in the synthetic pathway, facilitate the regioselective introduction of fluorine within two available β positions, and also allows for the introduction of substituents such as cycloalkyls that are not easily carried out by other methods. However, due to the stability of aryl substituted alkynones the method is best suited for compounds with aryl substituents. The dual catalyst methodology proves the mild Lewis acid aids the cyclization catalyzed by the gold catalyst. Additionally, difluorobutynones 4 were prepared by direct fluorination of ketones 3.
Experimental section General experimental details
Dichloromethane was collected from the Innovative Technology PS-MD-6 solvent purification system. N-bromosuccinimide (Avocado) was recrystallized from water. Other reagents were used as received. Column chromatography was carried out on silica gel (Dynamic Adsorbents, 32-63 μ). 
2,2-Difluoro-4-(4-methylphenyl)-1-phenyl-but-3-yn-1-one (4a)
An oven-dried round-bottom flask was charged with 3a (0.070 g, 0.30 mmol), L-proline (6.9 mg, 0.060 mmol), Selectfluor (0.250 g, 0.700 mmol), and ground 5 Å molecular sieves (0.50 g). Anhydrous acetonitrile (6 mL) was injected through the septum. The reaction was stirred at ambient temperature under nitrogen and monitored by 19 F NMR. The reaction was judged to be complete after 7 days, when mono-fluorinated ketone only existed in trace amounts. The mixture was diluted with ether (∼60 mL) and filtered through a Bücher funnel. The filter cake was washed with ether (20 mL). The combined filtrate was stirred with 1 N HCl (10 mL) for 1 h. 
Preparation of silyl ethers (6)
Procedures A and B. The flask was charged with homopropargyl alcohol 5a (1.42 g, 6.00 mmol) and acetone (30 mL). Jones reagent (3.0 M, 3.0 mL, 9.0 mmol) was added at 0°C (water/ice bath). The reaction was stirred for 20 min at ambient temperature, quenched with iPrOH (2.0 mL), and concentrated under vacuum. The residue was diluted with ether (100 mL) and filtered through a Büchner funnel. The filter cake was rinsed with ether (2 × 20 mL). The combined organic solutions were washed with brine (20 mL), 5% NaHCO 3 (20 mL), dried over MgSO 4 , and concentrated to yield the ketone 3a as a yellow solid which was used for the next step without further purification. The flask containing the crude ketone 3a was charged with anhydrous THF (30 mL) under nitrogen. LDA (2.0 M,
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Org. Biomol. Chem., 2012, 10, 2395-2408 | 2401 3.6 mL, 7.2 mmol) was added dropwise at −78°C and the reaction was stirred for 20 min followed by addition (for procedure B only) of anhydrous TMEDA (1.80 mL, 12.0 mmol). The reaction was stirred at −78°C for 10 min and TBSCl (1.08 g, 7.20 mmol) in anhydrous THF (30 mL) was injected in small portions. The reaction was stirred at ambient temperature for 12 h. After concentration under vacuum, silica gel column chromatography (hexane/ethyl acetate 50 : 1) gave silyl ether 6a as a white solid (1.23 g, 3.53 mmol, 60% ).
Procedure C. To the homopropargyl alcohol 5b (1.12 g, 6.00 mmol) in acetone (30 mL) Jones reagent (3.0 M, 3.0 mL, 9.0 mmol) was added at 0°C. The reaction was stirred for 20 min at ambient temperature. The reaction was quenched with iPrOH (2 mL) and concentrated under vacuum. The residue was diluted with ether (80 mL) and filtered through a Büchner funnel. The filter cake was rinsed with ether (2 × 20 mL). The combined organic solutions were washed with brine (20 mL) and 5% NaHCO 3 (20 mL). The filtrate was dried over MgSO 4 , filtered and concentrated to yield the propargyl ketone as a yellow oil, which was used for the next step without further purification. The flask containing the propargyl ketone was charged with NaI (0.300 g, 2.00 mmol) and TBSCl (0.990 g, 6.60 mmol in glovebox). Anhydrous acetonitrile (30 mL) was injected through the septum. To the above homogeneous solution DBU (0.99 mL, 6.6 mmol) was added dropwise at 0°C (water/ ice bath). The reaction mixture was stirred at 0°C for 4 h (TLC). After concentration under vacuum, silica gel column chromatography (hexane) gave 6b as a yellow oil (1.07 g, 3.58 mmol, 60%).
tert-Butyldimethyl{[4-(4-methylphenyl)-1-phenylbut-1-en-3-
yn-1-yl]oxy}silane (6a). Procedure B. Obtained 6a as a white solid, a mixture of E/Z isomers in a 13 : 87 ratio. 46 Calcd for C 23 tert-Butyl ({[1-(4-fluorophenyl)-4-(4-methylphenyl)but-1-en-3- yn-1-yl]oxy})dimethylsilane (6c). Procedure C. From 5c (1.52 g, 6.00 mmol). Obtained 6c (1.14 g, 3.12 mmol, 52%) as a white solid, a mixture of E/Z isomers in a 2 : 98 ratio. 46 Calcd for C 23 oxy}(tert-butyl)dimethylsilane (6e). Procedure B. From 5e (2.14 g, 6.00 mmol). Obtained 6e (1.92 g, 4.08 mmol, 68%) as a white solid, a mixture of E/Z isomers in a 6 : 94 ratio. 
tert-Butyldimethyl{[4-(4-methylphenyl)-1-[4-(trifluoromethyl)
phenyl]but-1-en-3-yn-1-yl]oxy}silane (6f ). Procedure B. From 5f (0.610 g, 2.00 mmol). Obtained 6f (0.510 g, 1.22 mmol, 61%) as a white solid, a mixture of E/Z isomers in a 3 : 97 ratio. (s, 0.18H, E-isomer), 0.19 (s, 5.82H, Z-isomer) 2-Fluoroalk-3-yn-1-ones (2): general procedure A 100 mL round-bottom flask was charged with ether 6 (0.500 mmol), Selectfluor (0.195 g, 0.550 mmol), and acetonitrile (10 mL). The mixture was stirred at ambient temperature (22°C) and monitored by TLC (hexane/EtOAc 8 : 2; usually for 1 h). Solvent was removed by rotary evaporation and the residue was kept under oil pump vacuum for 30 min. DCM (60 mL) was added and the mixture was stirred for 10 min. The solid was filtered off (fritted funnel) and the filter cake was washed with DCM (20 mL). Solvent was removed from the combined filtrates by rotary evaporation to give crude 2. 
3-Fluorofurans (7): general procedure
Crude 2 (obtained from 6 as described above) was dissolved in DCM (10 mL). To the solution, Ph 3 PAuCl (0.013 g, 0.025 mmol) and AgOTf (0.0065 g, 0.025 mmol) were added and the mixture was stirred vigorously in the dark (the flask was wrapped in Al foil) for 10 min. The residue was concentrated by rotary evaporation and purified by silica gel column chromatography (hexane).
5-Cyclopropyl-3-fluoro-2-phenylfuran (7b). From 6b (0.150 g, 0.500 mmol). Obtained 7b (0.092 g, 0.46 mmol, 92%) as a yellow oil. Calcd for C 13 The flask containing crude 2 (obtained from 6 as described above) was charged with N-halosuccinimide (NIS 0.135 g, 0.600 mmol or NBS, 0.107 g, 0.600 mmol) and anhydrous DCM (7.0 mL). The mixture was stirred for a few minutes to become homogeneous, then anhydrous ground ZnBr 2 (0.0225 g, 0.100 mmol) was added followed immediately by AuCl (0.0058 g, 0.025 mmol) in anhydrous DCM (3.0 mL). The mixture was stirred vigorously at ambient temperature for 10 min. The reaction was quenched by adding saturated sodium thiosulfate aqueous solution (10 mL) and stirred for few minutes. DCM (60 mL) was added. The organic layer was separated, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The product was purified by silica gel column chromatography (hexane). 
3-Fluoro-5-(4-methylphenyl)-2-phenyl-4-( phenylethynyl)furan (10)
A 10 mL microwave reaction vial was charged with the iodofuran 9a (0.095 g, 0.25 mmol), PdCl 2 (PPh 3 ) 2 (0.018 g, 0.025 mmol), and CuI (4.8 mg, 0.025 mmol). The reaction vial was sealed, then evacuated-backfilled with nitrogen (Schlenk line, three times). Under nitrogen protection, degassed toluene (5 mL) and Et 3 N (0.10 mL, 0.75 mmol) were injected into the vial. Then phenylacetylene (80 μL, 0.73 mmol) was injected to the reaction. The reaction vial was submitted to microwave irradiation with stirring (80°C, 1 h). After 9a had been consumed, as judged by TLC analysis of an aliquot of reaction solution, the reaction mixture was transferred to a flask with the aid of ethyl ether (50 mL) and concentrated under vacuum. The residue was purified by silica gel flash chromatography (hexanes) to give 10 as a white solid (0.080 g, 0.23 mmol, 92%), mp 132-133°C. IR (ν, cm 
Crystallography
Crystals of 6e (transparent prism, colorless) were grown by evaporation of hexanes/ethyl acetate (20 : 1) solution. Crystals of 8a (transparent needle, colorless) were grown from the ether by slow evaporation. Crystals of 10 (transparent needle, colorless) were grown from the pentane by slow evaporation. CCDC 826570, 826571, and 827011, respectively (see the supplementary crystallographic data for this paper †).
